Using depth-sensing indentation, a pop-in phenomenon induced by grain boundaries, namely, a sudden indenter displacement jump when indented near a grain boundary segment, was observed in polycrystalline niobium. This grain-boundary type of pop-in occurs at a larger force than the initial elasto-plastic pop-in, which is observed with and without a grain boundary nearby. The experimental results show that this pop-in effect has a close relationship with the misorientation across the grain boundary. The occurrence of this pop-in phenomenon is rationalized in terms of slip transmission across the grain boundary.
I. INTRODUCTION
Numerous previous attempts have been made in the past to use subgranular microhardness indentation to probe the hardening behavior of grain boundaries in bicrystals or large-grained polycrystalline specimens. [1] [2] [3] [4] [5] [6] [7] [8] Whether hardness, which is defined as the indentation load divided by the area of the indent made, can be a sensitive enough parameter to represent the hardening potential of a grain boundary, however, is controversial. In many reports where an increase in the measured hardness was observed, the grain boundary hardening was attributed to segregation of impurity atoms. Examples of these include doped zone-refined metals such as Pb, Sn and Zn, 1 tin segregation in alpha iron-tin alloy, 2 calcium segregation in NaCl bicrystals, 3 and in niobium bicrystals. 4, 5 In these experiments, proper heat treatment procedures were followed to achieve enough segregation of impurities at grain boundaries.
In other works, the observed grain boundary hardening was attributed to the difficulty in slip transmission across grain boundaries. From macroscopic tensile tests on highpurity aluminium, Wyrzykowski and Grabski 6 concluded that the Hall-Petch slope k y depends on the distribution function of the grain boundary diffusivity, indicating a dependence of k y on the grain boundary structure. Lee et al. 7 observed larger grain boundary hardening effects from microhardness measurements in undoped Ni 3 Al than in boron-doped Ni 3 Al, and by referencing to bulk deformation of polycrystalline samples in which a higher Hall-Petch slope is observed in the undoped situation, these authors concluded that a link exists between the degree of grain boundary hardening and the ease of slip transmission across grain boundaries. However, in a recent study by Wo and Ngan, 8 an increase in the measured hardness near grain boundaries was not observed in depth-sensing indentation (more commonly known as nanoindentation) experiments on undoped Ni 3 Al. Careful scanning electron microscopy (SEM) and atomic force microscopy (AFM) observation of the indents made near a grain boundary and far away from a grain boundary within the same grain using the same load showed identical shape and size. These results raise the question of whether hardness is a sensitive enough parameter to represent the slip transmission potential of a grain boundary.
To clarify the effects of a grain boundary on slip transmission, we performed depth-sensing indentation near grain boundaries in polycrystalline niobium. We choose to study niobium here because it has body-centered-cubic (bcc) crystal structure. The bcc metals are well-known to exhibit much higher Hall-Petch slope compared to facecentered-cubic metals and so in the case of bcc, resistance to intergranular slip transmission is expected to be much more prominent.
II. EXPERIMENTAL PROCEDURE
In the present work, a slug of niobium with 99.99% purity was purchased from the Alfa Aesar Company (Ward Hill, MA). This sample was made by an electronbeam melting method. Cylindrical specimens with a 6.35 mm diameter and 5 mm length were cut from the niobium rod. These specimens were then annealed for 20 days at a temperature of 1200°C in a vacuum of approximately 10 −5 Torr, followed by furnace cooling to room temperature. The resultant grain size was 500 ± 200 m. Each of the annealed samples was mechanically ground using 600-grade emery paper and then electropolished for 2-5 min in a solution containing one part of HF and nine parts of H 2 SO 4 in volume. To reveal the grain boundary, the samples were etched in an etchant containing 60 ml HF (48% concentration), 40 ml H 2 O 2 (30% concentration), and 0.55 g NaF, for about 10-20 s. This etchant is a modification of that used by Baranova. 9 Indentation tests were performed with a CSM Instruments SA (Peseux, Switzerland) indenter using a simple loading-holding-unloading profile with a maximum force of 30 to 50 mN. A Berkovich indenter was used for making indents along selected grain boundaries on the Nb sample. The indenter was loaded and unloaded at a constant rate of 30 mN/min, and the peak load was held for 10 s before unloading. The impressions were examined by backscattered imaging by either a Cambridge Stereoscan 360 or a 440 scanning electron microscope (Cambridge, UK). The orientations of the grains were determined by electron backscattering patterns (EBSP) using a LEO 1530 (LEO Elektronenmikroskopie GmbH, Oberkochen, Germany) field-emission SEM. The EBSPs were recorded by means of a low-light charge coupled device (CCD) video camera. The EBSD data were analyzed by the software HKL-Channel-5. Topographical profiles around the indents were measured quantitatively using tapping mode AFM on a Thermomicroscopes scanning probe microscope.
In analyzing the data, the selected grain boundary segments were assumed to be perpendicular to the sample free surface. Since grains with sectional dimensions of larger than 300 m were always selected for indentation, and the Berkovich indenter is in fact a very blunt indenter with an apex angle of 140.6°, the grain boundaries were highly unlikely to develop sharp curvatures within a depth of only about 1 m below the surface and to be intersected by the indenter below the surface.
III. RESULTS

A. Pop-in due to grain boundaries
An interesting effect of grain boundary on the depthsensing indentation behavior was observed in the present experiments. Figure 1 shows the load versus displacement curves of two indents made in the same grain but at two different distances from a given grain boundary. One indent was situated at 3.82 m from the grain boundary [ Fig. 1(a) ], and the other was at 6.81 m from it. It can be seen that in each of the two curves, there are two strain bursts. The first of these occurs at about 0.45 mN, and this pop-in happens in all the indentations no matter they are made close to or far away from grain boundaries. This pop-in is likely to be due to incipient plasticity as the crystal deformation transits from being elastic to plastic. [10] [11] [12] [13] [14] [15] [16] [17] In other locations, incipient plasticity was sometimes observed to occur in the form of the so-called "staircase" phenomenon, 13 in which a series of smaller multiple pop-ins followed the first major pop-in. The staircase phenomenon is frequently observed in other bcc crystals, 13 and in the case of Nb here, it usually dies down at loads larger than ∼5mN and the displacement jumps concerned are usually a few nanometers. In what follows, we focus on the second major pop-in in the curves in Fig. 1 , which were observed only in indentations made close enough to a grain boundary. This type of pop-in found near a grain boundary usually had much larger displacement jumps than the staircase type, and can therefore be unambiguously identified. Also, the load at which this grain-boundary pop-in occurs is found to depend on the distance of the indent from the grain boundary. In Fig. 1(a) , in which the indent is closer to the grain boundary, the second pop-in occurs at a load of 19.47 mN, while in Fig. 1(b) , in which the indent is further away, the second pop-in occurs at a higher load of 45.53 mN. In Fig. 2 the load at which the grain-boundary pop-in occurs is plotted as a function of the distance between the indent center and a grain boundary. Here, the data are taken from indentations made within the same grain and near the same grain boundary (as in Fig. 1) , and so the crystal orientation factor is common amongst all the data plotted. A clear trend of increasing pop-in load as the distance from the grain boundary increases is evident. Table I shows an analysis of the same set of data. Here, the radius of the elasto-plastic boundary is estimated using the equation
proposed by Kramer et al. 18 In this equation, P is the indentation load (here the pop-in load), and ys is the yield strength. Although it was proposed as an approximate model, recent transmission electron microscopy experiments by Chiu and Ngan 17 in Ni 3 Al confirmed the validity of this equation in predicting the plastic zone size c. For Nb, the yield strength ys ‫ס‬ 103 MPa, 19 and the calculated values of c are shown in Table I for the grain boundary segment with which Figs. 1 and 2 are concerned. An interesting observation from Table I is that the ratio c/d, where d is the distance of the indent from the grain boundary, scatters within a narrow range around 2 for the grain boundary segment concerned. However, the size ␦ exc of the pop-in exhibits no systematic relation with the pop-in load or the distance from the grain boundary.
The ratio c/d was also calculated from the pop-in data obtained near other grain boundaries. While this ratio is quite constant for a selected grain boundary segment, it can vary amongst different grain boundaries, and Fig. 3 shows a plot of the statistical distribution of this ratio from the pop-in data collected from different grain boundaries. It is evident that the pop-in phenomenon occurs mostly at c/d ≈ 2. The number of grain-boundary pop-in with higher c/d ratios is lower, and no grainboundary pop-in was observed with a c/d ratio exceeding 5 or less than 1.5. The experimental results, in fact, indicate that although the pop-in load can vary depending on the distance from the grain boundary as well as the grain boundary concerned, the ratio c/d still remains at a nearly constant value when the indentation is made near a given grain boundary segment. This shows the ratio c/d is relevant to the properties of the grain boundary rather than the load applied.
To see the effects of grain boundary misorientation on the observed grain-boundary induced pop-in, the occurrence of the grain boundary pop-in up to the maximum applied load of 50 mN is compared with the misorientation. The latter is quantified by the factor
where A is the angle between the closest {110} or {112} slip planes in the two adjacent grains, and B is the angle between the closest 〈111〉 slip directions on the closest slip planes. 8 Table II shows the relationship between mЈ and the occurrence of the pop-in in a number of grain boundaries studied. Here, the indentations made were situated within 10 m from the grain boundaries concerned, and at such short distances, a grain-boundary pop-in, if present, would be detected within the maximum load of 50 mN. The grain orientations were determined from EBSP, and the coincidence site lattice (CSL) of any special misorientation relationship was also determined and is given Table II. It can be seen from Table II that the pop-in phenomenon occurs when the mЈ value is above approximately 0.9. Since a higher mЈ value corresponds to better alignment of the slip systems on either side of the grain boundary, the observation here suggests that the grain-boundary pop-in is related to the ease of slip transmission across the grain boundary. The specialty of the grain boundary in terms of the CSL, on the other hand, has no apparent effect since grain boundary 4 and 5 in Table II have Table II ). The applied maximum load is 50 mN. The distances from the indent center to grain boundary were measured from SEM images.
B. Indent topography
The key questions to be answered here are (i) whether the hardness is influenced by the occurrence of a grainboundary pop-in, and (ii) whether the hardness suffers a change near a grain boundary. To remove the effects of thermal drift and specimen creep, the hardness was measured in this work by direct imaging of the indent geometry using SEM after the indentation. Figure 4 shows a SEM image of three nearby indents made close to a grain boundary using the same load of 50 mN. One of these indents exhibited pop-in while the other two did not. Since all three indents were quite close to the same grain boundary segment, the slip transfer potential, or critical c/d ratio, of the grain boundary portions probed by the three indents should be quite similar, and this explains why the two indents in Fig. 4 2 . Therefore, the anticipated area change produced by the grain-boundary pop-in is not significantly larger than the measurement error of area using SEM, and hence the occurrence of the pop-in is not expected to yield an observable reduction in hardness.
This expectation is confirmed by the results presented in Fig. 5 , which shows the measured hardness as a function of the distance from the indent center to a grain boundary. The maximum applied load is 50 mN. Here, the hardness values are calculated according to the definition of indentation load divided by the projected area of the indent. The indentation load used was the value detected by the nanoindenter, which was usually deviated within ±0.6 mN from the preset value. The projected indent area was measured from the post-indentation SEM images of the indents. The error mainly comes from measurement of indent projected area A c due to pile-up or sink-in effect. For niobium metal, the pile-up effect is not considerable at 50 mN, and the average measurement error of the projected indent area A c is about ±1 m 2 . As a result, the measurement error of the hardness value H is about ±0.04 GPa at 50 mN. From Fig. 5 , it is seen that, when the indent is made at a distance from the grain boundary farther than 9 m, no grain-boundary induced pop-in occurs for this grain boundary. Moreover, the measured hardness does not show any statistically significant difference in the range of error irrespective of whether there is a grain-boundary pop-in. Figure 6 shows the backscattered SEM images of four indents in a niobium sample, the surface of which was identified to be near (310) through EBSP measurement. At a lower load such as 50 mN, no significant pile-up or obvious slip traces were observed around the indent. However, when the load was increased up to 300 mN, the SEM images of the indents shows clear slip traces, typically spreading over a distance comparable with the size of the indent. Although no clear slip traces were observed in the SEM image at 50 mN, the backscattered SEM images in Fig. 6 can help identify the extent of lattice rotation around the indents. The indents in Figs. 6(a)-6(d) were made on the same grain in a niobium sample. In Figs. 6(a) and 6(c), both indents were very close to a grain boundary, and grain-boundary pop-ins were identified from the load-displacement curves of these two indents. In Figs. 6(b) and 6(d), the indents were in the grain interior and farther from the grain boundary respectively, and no pop-in was detected for these two indents. Although the indents in Figs. 6(c) and 6(d) are situated at similar distances from the grain boundary segments concerned, the fact that pop-in is observed in Fig. 6 (c) but not in Fig. 6(d 
IV. DISCUSSION
The observation of more severe lattice deformation in the gap between an indent and a grain boundary as seen Fig. 6 (a) and 6(c) indicates that the grain boundary blocks the propagation of deformation into the next grain. A build-up of stress in this gap is therefore expected, and this could trigger some stress-relief mechanism. There can be two possible stress relief mechanisms that can be related to the observed grain-boundary popin, namely, (i) grain boundary cracking, and (ii) incipient plasticity in the grain next to the indented grain. Figure 7 shows the AFM image of a typical indentation exhibiting a grain boundary pop-in during the loading process. This image was taken using a sharp Si 3 N 4 AFM tip in the tapping mode. It can be seen from the line scan across the indent that, within the resolution of the AFM technique, no cracking of the grain boundary seems to have occurred. There is therefore no evidence supporting grain boundary cracking as a possible cause for the present observed pop-in. The misorientation factor mЈ in Eq. (2) above measures the alignment of the slip systems on either side of the grain boundary. A higher value of mЈ denotes better alignment and hence easier slip transmission across the grain boundary. The results in Table II indicate clearly that for grain boundaries with easier slip transmission (higher mЈ), the grain-boundary induced pop-in occurs at a lower load, i.e., within the maximum load of 50 mN applied, and for grain boundaries across which slip transmission is difficult (lower mЈ), no pop-in is observed up to the maximum load. This observation suggests that the pop-in is due to slip transmission across the grain boundary, i.e., incipient plasticity in the grain next to the indented grain. This conclusion is further supported by the observation from Table I and Fig. 3 in that at the load at which the pop-in occurs, the c/d ratio is within a narrow range between 1.5 and 5.
A rough analysis can be performed to predict the condition at which a pop-in occurs within the incipient plasticity interpretation. The stress state within the plastic zone underneath the indenter is very complicated, although for macro-indents simplified continuumplasticity models such as the cavity model are found to be reasonably accurate. 20 However, previous analyses by Kramer et al., 18 and Chiu and Ngan 17 have shown that the position of the elasto-plastic boundary in the submicronindentation situation can be accurately described by Eq. (1), which was derived by Kramer et al. 18 using the equations for the elastic region in the cavity model. Chiu and Ngan 17 have furthermore compared the predictions of other models including the finite element model by Zeng et al., 21 the Hertzian contact model, a uniform pressure contact model, as well as a flat punch contact model, and have found that all these elastic models predict nearly the same elasto-plastic boundary as the cavity model. Determination of the elasto-plastic boundary by TEM also confirms the validity of Eq. (1). In essence, these analyses support the simple picture that the plastic field details within and near the indent core do not influence the far field elastic region, and hence the latter is well described by any elastic models which differ only in terms of the actual contact geometry between the tip and the specimen. For this reason, we can believe that the elastic region outside the elasto-plastic boundary (Fig. 8) can be described by the following equations from the cavity model: 
where r and are the radial and hoop stresses respectively, is the maximum shear stress, and r is the radial distance from the indent center. In the original cavity model, Eq. (3) is applicable to the region r ജ c, but in the current picture of indenting near a grain boundary, as shown in Fig. 8 , we assume that it is also applicable to the virgin neighboring grain up to the pop-in load. Hence, at a point such as A at the grain boundary in the virgin grain, the maximum shear stress is
The condition for point A to emit dislocations to cause a subsequent avalanche can be described by
where r o is the distance of the source at point A from the grain boundary, and K c is a critical stress intensity factor for the emission, into which a misorientation factor between the maximum-shear-stress plane and the slip system in the virgin grain is absorbed. Hence, combining Eqs. (4) and (5), the condition for the avalanche to occur is estimated to be 
A crude estimate of the source distance r o can be approximately 0.1 m, and c/d ≈ 1.5 to 5 for different grain boundaries as observed in Fig. 3 . Taking ys ‫ס‬ 103 MPa, 19 K c can be estimated to be approximately 0.05-2 MPam 1/2 . This seems to be a wide range but it must be remembered that this is for different grain boundaries exhibiting a range of critical c/d ratios as shown in Fig. 3 . The statistics in Fig. 3 show that some grain boundaries are many times more difficult to transmit slip than the others, but softer grain boundaries with lower K c values seem to be more abundant. The K c here is for shear stress [see Eq. (5)], and so it should be about 2 to 3 times smaller than the macroscopic Hall-Petch slope, taking an orientation factor into account. The Hall-Petch slope due to the lower K c values here is therefore approximately 0.1 to 0.15 MPam 1/2 , and this compares reasonably well with the experimental value of approximately 0.19 MPam 1/2 for strain-annealed Nb. 22 The analysis here is certainly crude and future work focusing on, for example, the relationship between the critical c/d ratio and grain boundary misorientation should be performed.
V. CONCLUSION
Using a Berkovich diamond indenter, the slip transmission behavior near grain boundaries was investigated in polycrystalline niobium. A type of strain burst induced by a nearby grain boundary during indentation was observed. The occurrence of this type of pop-in effect is found to be related to the misorientation across the grain boundary. The ratio of c/d, where c is the radius of the elasto-plastic boundary when the strain burst occurs, and d is the distance of indent center from the grain boundary, is found to be within a narrow range for a specific grain boundary segment, but it can vary between 1.5 and 5 for different grain boundaries.
